I. INTRODUCTION
The functionalization of crystalline silicon surfaces by organic adlayers [1] [2] [3] has potential applications ranging from passivation and functionalization of silicon nanowires, 4, 5 the passivation and functionalization of photoelectrodes in electrochemical cells, [6] [7] [8] and the fabrication of biological sensors. 9, 10 Si(111) surfaces can be terminated with methyl groups in a highly controlled manner, which results in coverage by a full monolayer 6 with essentially every Si atom on the surface bonded to a methyl group. Relative to the hydrogenterminated Si(111) surface, methyl-terminated Si(111) surfaces exhibit enhanced resistance to oxidation in air. 11, 12 The vibrational features of methyl-terminated silicon surfaces impact the thermal properties and the ability of the surface to accommodate energy, so these vibrational properties have recently been studied both experimentally [13] [14] [15] [16] [17] [18] [19] and theoretically. 17, 20 A comprehensive analysis of the surfacephonon dispersion relations along the entire surface Brillouin a) Author to whom correspondence should be addressed. Electronic mail:
s-sibener@uchicago.edu zone (SBZ), as well as the effect of isotopic loading on vibrations, which has been extensively studied for the hydrogenterminated silicon(111) interface, [21] [22] [23] is, therefore, important to advance the understanding of the CH 3 -Si(111) system.
In the present work we report a combined experimental and theoretical study of surface phonons for both CH 3 -Si(111)-(1 × 1) and CD 3 -Si(111)-(1 × 1) by means of helium atom scattering (HAS) measurements and ab initio density functional perturbation theory (DFPT) calculations. The combination of experimental HAS measurements and DFPT-based theoretical analysis of the surface phonons and molecular vibrations provides insight into the interplay of the vibrations of interfacial methyl group with those of the silicon lattice. In particular, the interaction of surface molecular librations with the Rayleigh wave (RW), a low-energy surface acoustic phonon, for both the CH 3 -and CD 3 -terminated surfaces has been evaluated. Additionally, the barrier to the rotation of the methyl groups about the Si-C axis has been elucidated, and the importance of that barrier to the surface structure was investigated in detail. The calculations have also provided a comprehensive description of surface phonon modes which have not yet been observed experimentally, either due to experimental limitations of the method employed or due to physical limitations such as symmetry constraints or weak modulation of the surface charge density distribution. 24 The vibrational modes of the methyl group have also been evaluated, and the theoretical results have been compared with previous experimental and computational studies to facilitate evaluation of the impact of isotopic substitution on the vibrations of the terminal organic group.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. Preparation of the CH 3 -Si(111) and CD 3 -Si(111) surfaces
The alkylation of hydrogen terminated Si(111) interfaces using a chlorination, alkylation scheme has been reported elsewhere. 25 The particular scheme employed to generate the interfaces used in this study is as follows. Water with an 18.2 M resistivity (Barnstead Nanopure) was used throughout the preparation of the surfaces. The n-Si wafers (Virginia Semiconductor, oriented ±0.1
• to the (111) plane, phosphorus doped to 1 cm resistivity) were cut to size and cleaned by sequential rinsing in water, methanol, acetone, methanol, and then water. Wafer pieces were further cleaned and oxidized in a piranha solution (1:3 30% H 2 O 2(aq) :concentrated H 2 SO 4(aq) ; Caution -piranha solution reacts violently with organic compounds) at 90
• C for 10 min, then rinsed with a copious amount of water, and were quickly dried under a stream of N 2(g) . These wafers were immediately etched for 18 s in buffered HF (Transene Co.), drained, promptly rinsed with water, and submerged in an Ar (g) purged 11 M NH 4 F (aq) for 9 min to obtain an atomically flat H-terminated Si(111) surface. While submerged in the NH 4 F (aq) solution, the samples were periodically agitated to prevent bubble formation on the surface. After etching, the samples were rinsed with water, dried under a N 2(g) stream, and placed in a N 2(g) -purged flushbox, in which the concentration of O 2(g) was < 10 ppm.
The H-terminated Si(111) wafers were then placed in a saturated solution of PCl 5 (99.998% Alfa Aesar) in anhydrous chlorobenzene (Aldrich) to which a few grains of benzoyl peroxide (a radical initiator) had been added. The solution was maintained at 90
• C for 45 min, and then was allowed to cool for 5-10 min. The flask was drained, and the wafer pieces were rinsed with chlorobenzene, then anhydrous tetrahydrofuran (THF) (Aldrich). The resulting chloride-terminated Si(111) wafers were submerged in a 1.0 M solution of CH 3 -MgCl in THF (diluted from 3.0 M CH 3 -MgCl, Sigma) and the reaction vessel was held at 50
• C-60
• C for at least 3 h to produce methyl-terminated Si(111) surfaces. After methylation, the wafer pieces were removed from solution and rinsed thoroughly with THF. The wafers were removed from the flushbox and sonicated sequentially in THF, methanol, and water for 10 min each, and then rinsed with water and dried under a stream of N 2(g) .
B. Helium atom scattering techniques
The surface phonon dispersion relations were obtained using an ultra-high vacuum (UHV) helium atom scattering (HAS) apparatus, which is described in detail elsewhere. 26 The apparatus consisted of three regions: a differentially pumped beam source, a UHV sample chamber, and a rotatable detector arm with a total flight path of 1.0778 m (chopperto-crystal distance of 0.4996 m, crystal-to-ionizer distance of 0.5782 m). A nearly mono-energetic beam of atoms ( v/v ≤ 1%, FWHM) was produced by the supersonic expansion of helium through a nozzle source, the center of which was captured by a conical skimmer and collimated by two apertures into a 4 mm spot at the sample. The temperature of the supersonic nozzle was controlled by heating against cooling which is provided by a closed-cycle helium refrigerator. The beam was mechanically modulated by a chopper wheel in the first differentially pumped region of the beam line for the purpose of making energy resolved measurements. The sample was mounted on a six axis manipulator in the UHV chamber (base pressure 3 × 10 −10 torr) and the sample temperature was controlled by a button heater and a second closed-cycle helium refrigerator. The scattered atoms entered the rotatable detector arm, were ionized via electron bombardment, and then filtered using a quadrupole mass spectrometer. The detector arm has a 40
• range of motion, and the overall instrumental resolution function was 0.45
• FWHM. The geometry of this apparatus allows for a range of incident angles (θ i ) of roughly 20
• -40
• from the surface normal, with the accessible scattering angles (θ f ) being dependent on the detector arm range of motion. The beam energies employed in these experiments were 32-67 meV, and the surface temperatures used were generally from 140 to 200 K. At the start of each set of experiments, the sample was first flashed to 600 K to remove trace adsorbates from the surface, and then quenched to the sample temperature that was used during data acquisition. Prior to data collection at a given angle of incidence, He diffraction spectra were obtained to verify the crystallographic alignment of the sample. Timeof-flight spectra were obtained using single-slit chopping patterns (≈1% duty cycle) and generally consisted of 1 × 10 6 to 1.5 × 10 6 shots, corresponding to acquisition times of 20-30 min. When necessary, composite spectra were produced for enhanced signal-to-noise by the addition of consecutive spectra acquired under identical conditions, with a sample temperature flash to 350 K between runs to remove any surface adsorbates.
C. Density functional perturbation theory computational details
The dynamical properties of the CH 3 -Si(111) and CD 3 -Si(111) surfaces were calculated using density functional perturbation theory, as implemented in the QUANTUM-ESPRESSO package, 27 using ultrasofts pseudopotentials 28 and the Perdew-Burke-Ernzerhof (PBE) approximation for the exchange-correlation energy functional. 29 The electronic wavefunctions were expanded in plane waves up to a 28 Ry energy cutoff and a 280 Ry charge density cutoff. The surface was modelled using a slab geometry and periodic boundary conditions (PBC), with slabs composed of 12 silicon atom layers with methyl groups adsorbed on both sides, which were separated by a vacuum gap having a width of 12 Å. The SBZ was sampled over a Monkhorst-Pack grid of 6 × 6 × 1 kpoints. 30 Atomic positions were relaxed until the forces were below a 5 × 10 −5 a.u. threshold. The optimized structure calculated for both CH 3 -Si(111) and CD 3 The dihedral angle H-C-Si-Si, which defines the orientation of the surface methyl groups, was found to be 37.7
• , which is in excellent agreement with the value (38
• ) obtained by Solares et al. 31 using the PBE exchange-correlation functional and by Ferguson et al. 20 using the Heyd-ScuseriaErnzerhof (HSE) hybrid functional.
The dynamical matrix was calculated on a 6 × 6 × 1 qpoint mesh for the SBZ. In order to improve the readability of the resulting dispersion curves and to highlight the surface modes, the slab thickness was increased up to 30 layers through the insertion of bulk layers. The bulk force constants were obtained on a 6 × 6 × 3 q-point mesh, and then the bulk layers were inserted between the relaxed surface layers.
The Fourier transform of the dynamical matrices on a discrete uniform mesh in the SBZ provided the real-space interatomic force constants from which the phonon dispersion relations were calculated. For the calculation of the rotational barrier we employed a 2 × 2 supercell with the same slab configuration used for calculating the dynamical properties but with a 3 × 3 × 1 k-point sampling. In the case of the fully methylated surface we rotated only one methyl while holding the neighboring methyl groups in fixed positions. This approximation provided an upper bound for the rotational barrier since the neighboring methyl groups are not free to rearrange to minimize steric interactions through correlated motion. Calculations involving the isolated methylsilane molecule used a cubic box with a vacuum 15 Å wide and the k-sampling was restricted to the¯ -point.
III. RESULTS AND DISCUSSION
The inelastic helium atom scattering data agreed well with the calculated phonon-dispersion curves, as seen in from the diffuse scattering of atoms due to surface defects and thermal motion, as well as sharp, clear inelastic peaks arising from scattering events in which sufficient momentum is exchanged to create or annihilate a surface vibration. The conservation of energy and crystal momentum defines the observable energy and momentum transfers for a given incident beam energy (E i ), angle of incidence (θ i ), and scattering angle (θ f ). For in-plane scattering, the functional form of these constraints and the resulting scan curve are given in Eqs. (1)- (3):
In the above equations, G mn is a reciprocal lattice vector, Q is the wavevector for a phonon of energy¯ω, m is the mass of the helium atom, k i is the incident wavevector, and k f is the scattered, or final, wavevector. By varying the beam energy and the scattering geometry, helium atom scattering provides a survey of the surface phonon dispersions across the entirety of the SBZ.
The low energy regime of the CH 3 -Si(111) and CD 3 -Si(111) vibrational spectra exhibit a rich and complex behavior characterized by the interplay between three main surface modes: the RW, the methyl rocking mode with respect to the silicon atom, and the hindered rotational mode. Figures 3-5 show the theoretical phonon dispersions for energies up to 70 meV, with the color scale indicating the extent of the contributions to the displacement pattern of a selected atom for a given polarization. The RW dispersion relation for the entire SBZ, obtained from a large number of measurements, agreed well with the theoretical predictions and reveals that the RW hybridizes with the methyl rocking libration near theM and K points, as described elsewhere. 17 The rocking mode of the methyl with respect to the silicon substrate implies a slight distortion of the internal C-H bonds and the bending of the C-Si bond, and it has an energy of 16 meV at the¯ -point for CH 3 -Si(111) and 14 meV for CD 3 -Si(111) (see Figs. 3 and 4 panels (e) and (f)). Away from the¯ -point this mode splits into a longitudinal and a shear-horizontal component. For both surfaces, the longitudinal component has an upward dispersion forming the nearly flat surface branch at ∼27.3 meV, while the shear-horizontal component shows a weak downward dispersion. Initially, the shear horizontal mode strongly hybridizes with the bulk modes, then with the RW near the zone edges, which increases the RW energy with respect to the theoretical value obtained by freezing the methyl modes. In the case of CD 3 -Si(111), the RW dispersion is further complicated by the fact that the hindered rotation band intersects the RW at the SBZ boundary, which is noted by the red ellipse in Figs. 
3(d) and 4(d).
The hindered rotational mode exhibits an energy of 29.0 meV for CH 3 -Si(111) and 20.8 meV for CD 3 -Si(111) at the¯ -point, and its dispersion is highlighted in Fig. 3 panels (c)-(f.) The ratio of the hindered rotation for the CH 3 -and CD 3 -terminated surfaces almost exactly reflects the effect of the isotopic substitution, because this libration almost exclusively involves displacements of the hydrogen, or deuterium, atoms. For CH 3 -Si(111), the hindered rotation starts merging with the bulk modes midway through the K direction, then recovers a purely rotational character near theK-point, and ends in a gap mode of ∼23 meV at that zone edge. In the CD 3 -Si(111) case, the hindered rotation becomes the lowest-energy mode (16 meV) at theK-point after crossing the Rayleigh wave. The¯ -point hindered rotation energy of 29.0 meV for the CH 3 -Si(111) surface is slightly higher than the experimentally observed value of 24.8 meV for the CH 3 SiH 3 (methylsilane) molecule, 32 presumably due to the steric interaction between neighboring methyl groups on the surface, which are absent in the gas phase.
The rotational dynamics of the methyl group on the fully methylated silicon surface have recently been investigated experimentally, with the methyl group found to be rotationally hindered at room temperature. 18 To elucidate the role of the substrate and the neighboring methyl groups in preventing this rotation, the activation barrier energy was calculated for the extreme case of a methyl group rotating in a fixed environment on the CH 3 -Si(111) surface. This value was compared to the activation barriers of an isolated methyl group on a HSi(111)-(1 × 1) surface and a single methylsilane molecule ( Fig. 6) . The steric interaction in the fully methylated system considerably increases the activation energy to 112 meV with respect to barriers found for the methylsilane molecule (62 meV in our calculation, 73 meV from experiment 18 ) and for the isolated methyl group on a H-Si(111) surface (49.5 meV). In all cases, however, the activation barrier is sufficient to prevent the free rotation of the methyl groups at the CH 3 -Si(111) interface. A fourth surface branch was also observed in the low energy range. This mode starts as a broad longitudinal resonance of 4.9 meV near the¯ -point and rises to 14.9 meV near the midpoint of the SBZ, most clearly shown in Fig. 5 panels (c) and (d), then strongly FIG. 6 . The change in conformational energy due to the rotation of the methyl-group about the C-Si axis, or surface normal, away from its equilibrium orientation. This energy difference describes the potential which constrains the rotational motion of the methyl group.
hybridizes with the bulk modes before becoming a localized gap mode at theK-point with an energy of 24.8 meV, as seen at theK-point in Fig. 4 panels (c) and (d) .
Three resonances occur near theK-point in the intermediate range of the energy spectrum. Two of these resonances appear at 40.9 meV and 49.0 meV, and are associated with the displacements in the first silicon layer (Fig. 5 panels (c)-(f) ). The third resonance is a gap mode at theK-point with an energy of 45.9 meV which arises primarily from the shearvertical vibration of the C atom (Fig. 4 panels (a) and (b) . There is a sharp, nearly dispersionless resonance just below the silicon optical bands with mode energies of 60.8 meV and 58.3 meV at the¯ -point for the CH 3 -Si(111) and CD 3 -Si(111) surfaces, respectively, which evolves into a pair of surface states as the zone boundary is approached. Although prior work suggested that a mode at 59 meV is associated with a Si-C bending vibration hybridized with surface phonons, 20 the analysis herein indicated that it is an intrinsic Lucas pair, whose evolution through the SBZ is most clearly visualized in Fig. 7 , with only a small component arising from the shear-vertical vibration of the carbon atom (Fig. 4 panels (a) and (b). Lucas modes, originally discovered in the surfaces of cubic ionic crystals, constitute a pair of microscopic optical surface phonons which have in-plane polarization and are degenerate at the¯ -point for hexagonal or square surface symmetry. 33 These modes have been predicted and observed for the H-Si(111)-(1 × 1) surface with an energy at the¯ -point ranging from 58.7 to 62 meV. [34] [35] [36] The results of our calculations indicated that for the methylated Si(111) surface, the Lucas pair is degenerate at the¯ -point, as required by symmetry, and then splits as it evolves toward the SBZ edges. The longitudinal component hybridizes with the continuum of longitudinal bulk modes, transforming into a broad resonance, while the shear horizontal mode partially hybridizes with the shear vertical vibrations of the carbon atom and maintains a well-defined surface character throughout the SBZ.
The high-energy portion of the spectrum is dominated by the modes involving the deformation of the methyl group. These modes were previously calculated for CH 3 -Si(111) at the¯ -point both using a cluster model and PBC 20 and have been studied experimentally by means of HREELS 37 and surface infrared spectroscopy.
13-15 Figure 8 shows the dispersion of these modes for both the CH 3 -Si(111) and CD 3 -Si(111) surfaces. Table I summarizes the predicted methyl-vibrational energies for the CH 3 -Si(111) surface and presents a comparison with results from previous calculations and experimental data on this system. Across the SBZ, both the symmetric and asymmetric stretching modes show a nearly dispersionless character with a bandwidth of only 0.25 meV. In contrast, the asymmetric deformation away from the¯ -point splits into two components which reach a maximum separation at theM-point, with the upper branch at 177.4 meV and the lower branch at 172.5 meV. Since the substrate remained unchanged within the frozen substrate approximation, the splitting is attributed to the different interactions between neighboring methyl groups. Figure 9 presents a schematic of the asymmetric deformation eigenvectors at theM-point, with the difference in the eigendisplacements of the high and low energy branches showing a clear disparity in the proximity of the hydrogen atoms of adjacent methyl groups, which leads to the mode splitting. A similar behavior was predicted for the internal rocking vibrational mode, which exhibits a splitting of 2.5 meV at theM-point. The C-Si stretch exhibits a bandwidth of 4.4 meV with a minimum near theK-point, which mainly is due to contributions from the shear-vertical displacements of the first layer silicon atom. As provided by the DFPT calculations, Table II (small) contribution of the carbon atom displacements, which remain unchanged in CH 3 -Si(111) and CD 3 -Si(111). The isotopic effect on the C-Si stretch is consistent with this mode involving the motion of the methyl group as a whole and, therefore, corresponds to the mass ratio rule for the entire CH 3 and CD 3 groups, which is a substantially smaller effect than that observed in modes mainly involving the displacements of the H or D atoms.
IV. CONCLUSIONS
The present study of the methyl-terminated silicon (111) surface with helium atom scattering and density functional perturbation theory has clearly characterized the effects of organic functionalization on the surface vibrations of a hybrid organic-semiconductor interface. The helium atom scattering experiments elucidated the Rayleigh wave dispersion relation across the entire surface Brillouin zone, and, with the aid of DFPT calculations, provided insight into the interaction of the Rayleigh wave with the low-energy rocking libration and hindered rotation of the methyl group. The theoretical calculations predicted a rotational barrier height that inhibits the free rotation of the methyl group about the C-Si axis at room temperature, which is in agreement with a recent sum frequency generation study of this surface. 18 This theoretical work also provided a comprehensive discussion of the other surface phonon modes and resonances for the methylterminated surface. Specifically, Lucas modes have been identified for both the CH 3 -Si(111) and CD 3 -Si(111) surfaces, which split into their longitudinal and shear-horizontal components as the pair evolves across the SBZ. Analysis of the deformations for both the CH 3 -and CD 3 -terminal groups showed that several modes exhibit splitting as a result of steric interactions between neighboring methyl groups. The CH 3 -Si(111) deformations are in agreement with the values previously reported in the literature, and the shifts in CD 3 -Si(111) vibrational energies are consistent with the expected impact of isotopic substitution. This combined theoretical and experimental effort clearly demonstrates the impact of organic functionalization on the surface phonons of a semiconductor lattice. Specifically, both the hybridization of molecular librations with lattice phonons and the steric interactions between adjacent organic terminal groups play a significant role in defining the surface vibrational band structure of hybrid organic-semiconductor interfaces.
